Photorespiration originates in the oxygenase reaction catalysed by the Calvin-cycle enzyme, ribulose-1,s-bisphosphate carboxylase/oxygenase (Rubisco). Rubisco catalyses both the carhoxylation and the oxygenation of ribulose-1,s-bisphosphate. While carboxylation results solely in the formation of glycerate 3-phosphate, oxygenation of ribulose 1,s-bisphosphate leads to the production of one molecule of glycerate 3-phosphate and one molecule of glycolate 2-phosphate. Glycolate 2-phosphate is then recycled back to the chloroplast via the photorespiratory pathway. T h e key feature of this pathway is the conversion of the two-carbon molecule, glycolate 2-phosphate, into glycine and the decarboxylation of two molecules of glycine to yield serine, C 0 2 and NH3, resulting in the loss of one-quarter of the carbon from glycolate 2-phosphate, and a corresponding decrease in the rate of photosynthetic COz assimilation, as well as a loss of NH3. T h e photorespiratory pathway involves three subAbbreviations used: GS, glutamine synthetase; N I 13, ammonia plus ammonium ions; Rubisco, ribulose-1,s-bisphosphate carbo~lase/o~genase. $Present address: Botanisches Institut I I, Universitat Kijln, Gyrhofstrasse 15, D-5093 1 Kdn, Germany. cellular compartments, the chloroplasts, peroxisomes and mitochondria (the site of glycine decarboxylation) and thus involves interactions between photosynthesis within the chloroplast and events occurring in the mitochondria. Despite the compartmentation of part of the process of photorespiration within the peroxisomes, there are many metabolites that must be shared with other metabolic processes. In addition, photorespiration proceeds at rates vastly in excess of these other pathways. For example, the rate of release of NH3 by photorespiration is very large, with refixation by glutamine synthetase (GS) and glutamine-2-oxoglutarate aminotransferase (glutamate synthase) occurring at rates up to ten times higher than primary NH3 assimilation. This N H 3 must therefore be refixed by GS and glutamate synthase in the chloroplast. Similarly, the rate of COz relase in photorespiration is about five times the rate of normal Krebs-cycle activity, although the maximum capacity for glycine decarboxylation is not greatly in excess of the capacity of leaves to photorespire. NADH is thus generated at extremely high rates during glycine decarboxylation and must be reoxidized at equally high rates if photorespiration is to continue [I].
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This, together with the over-riding need to
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recycle the majority of the carbon in the photorespiratory pathway back to the Benson-Calvin cycle, means that branches from the photorespiratory pathway, including electron transport in the mitochondria, must be tightly regulated.
Over the past 15 years an extensive range of photorespiratory mutants has been generated in Arabidopsis, pea, tobacco and barley (for a review see ref. [Z] ). Photorespiratory mutants of barley are currently being employed to generate heterozygous plants in order to study both the regulation and control of photorespiratory processes. Studies of plants with reduced activities of GS and glutamate synthase have been made by Hausler et al. [3, 4] . The most important feature concerning regulation which has emerged from these plants is that mechanisms exist that can compensate for the loss of GS activity. It must be remembered that conservation of nitrogen is far more important to the plant than that of carbon. All plants with normal activities of GS have an NH3 compensation point [which is close to the K,(NH3) of GS] and they lose some NH3 to the atmosphere [5] . In the case of plants with decreased activities of GS we would expect to see a limitation on NH3 reassimilation which leads to the accumulation of NH3 and which may result in some loss of NH3 from the plant. This occurs when GS activity is reduced to about 66% of the wild-type ([3]; M. Mattsson and J. K. Schjorring, unpublished work). This loss of NH3 leads to a decrease in amino acid pools in the light, although these are partially restored during darkness, presumably by reassimilation of the remaining NH3 and/or by assimilation of inorganic nitrogen. A decrease in amino acid pools then limits the biosynthesis of proteins and Rubisco [3] . Thus once NH3 accumulates and amino donors decline, photorespiratory loss of further NH3 tends to be curtailed. The shortage of amino donors might also be expected to lead to the accumulation of glyoxylate, whereas glyoxylate actually decreases, suggesting that other compounds (such as formate and oxalate, which increase) may be formed from glyoxylate and that these processes may be regulated. In plants with GS activity decreased below 66% of the wildtype, both the NH3 content and its release to the atmosphere decrease, suggesting inhibition of its generation. This could only come about by a temporary inhibition of photorespiration, since the ability to reassimilate NH3 via GS declines. Total amino acid contents show an inverse relationship to the NH3 contents in that they decrease gradually in the wild-type to the 66%-GS mutant, but show an upward trend at GS activities below 55%. These results suggest that, in plants with less than 66% GS, some regulatory mechanism may be induced during growth which permits a diversion of photorespiratory carbon away from glycine decarboxylase and its associated liberation of NH3.
Further evidence for alterations in photorespiratory and other pathways in these plants comes from studies of the relationship between the quantum efficiency of COz assimilation (@C02) and the quantum efficiency of photosystem I1 (@PSII) [6] . T h e ratio @PSII/@COz is a measure of the electron requirement for C 0 2 assimilation. The most important feature in the GS mutants is a decrease in the electron requirement for COz assimilation which is evident under conditions that lead to an increase in the flux through the photorespiratory pathway, for example at high temperatures, high photon flux densities or at low intercellular COz concentrations. At the COz compensation point the average @PSII/@C02 ratio is about 45% of the wild-type ratio in the 47%-GS mutant, yet the mutant has rates of COP assimilation that are comparable with those of the wild-type [4] . There are two reasonable explanations for why the electron requirement for C 0 2 assimilation might be reduced. The first is that there is an inhibition of photorespiratory C 0 2 release. An inhibition of glycine decarboxylation would decrease CO, release and decrease the electron requirement for net COz fixation, for the recycling of intermediates back into the RensonCalvin cycle and the reassimilation of NH3. It would also spare the loss of NH3 during photorespiration. In the short-term this could be advantageous, particularly under nitrogen-limited conditions. The second possible mechanism is that there is an additional carboxylation process catalysed by phosphoenolpyruvate carboxylase.
Further evidence for alterations in the manner in which the photorespiratory cycle operates in plants with less than 66% GS is seen in changes in the activities of transaminases, which suggests that transamination of glyoxylate by both glutamate and alanine may assume more importance than that by serine. In these plants glyoxylate accumulates, particularly at lower concentrations of COz, and formate and oxalate decline. Either glyoxylate is not converted into formate and oxalate, or mechanisms are induced in these plants that dissimilate these compounds at a higher rate than in plants with greater than 66% GS. This then raises the question of which alternative pathways to photorespiration might operate in these plants.
Alternative pathways for photorespiratory metabolism
T h e notion that some compensating mechanism restricts NH3 loss in plants with decreased activities of GS is supported by evidence, particularly from other photorespiratory mutants, that the photorespiratory pathway can be modified under some circumstances, with flexibility with regard to usage of amino acids within the cycle, as well as evidence for the diversion of carbon into organic acids other than those usually recognised as part of the photorespiratory pathway. There are two pieces of evidence that glyoxylate is metabolized by reactions other than transamination. The first is that very little glyoxylate accumulates in illuminated leaves of mutants completely lacking a number of photorespiratory enzymes. A mutant lacking serineglyoxylate aminotransferase, which might be expected to accumulate the most glyoxylate, showed the lowest accumulation of glyoxylate [7] . This can be compared with the massive accumulation of glycine (three orders of magnitude higher than that of glyoxylate) that occurs in mutants lacking glycine decarboxylase [8]. This means either that glyoxylate accumulation feeds back on Rubisco to decrease the production of glycolate (see below) or on glycolate oxidase to cause a large accumulation of glycolate, or that glyoxylate is metabolized via an alternative route. The second piece of evidence shows that the non-enzymic reaction of glyoxylate with HzOZ to generate formate and COz, which for many years had been thought to occur only in vitro and in isolated peroxisomes, also occurred in vivo. A mutant of Arabidopsis thaliana deficient in serine transhydroxymethylase activity, and hence unable to metabolize glycine, was shown not to accumulate glyoxylate, but instead to convert it into COz once all the amino donors were depleted [9]. However, if NH3 and serine were supplied, then photorespiratory C 0 2 evolution was prevented, implying that the preferred route of glyoxylate metabolism is amination rather than conversion into C 0 2 and formate [lo].
Glyoxylate can be oxidized to oxalate, probably by the action of glycolate oxidase, but the net flux is likely to be small, as very little oxalate is formed from glycolate in isolated peroxisomes or in leaves even in the absence of amino donors [11,12]. There is also a glyoxylate reductase in leaves which is largely cytosolic and which is NADPH-dependent [ 131. This enzyme converts glyoxylate into glycolate, perhaps counteracting any accumulation of glyoxylate in the cytosol, but it would form a futile cycle leading to the oxidation of NADPH.
T h e fate of any formate generated from glyoxylate is less clear. Although formate could also be converted into COz by an NAD+-formate dehydrogenase in the mitochondria, this process appears to be more active in non-photosynthetic tissues [14] . In photosynthetic tissues, formate is readily converted into N'"-formyltetrahydrofolate by N"-formyltetrahydrofolate synthase. This reaction requires ATP and the enzyme is very active in leaves [15, 16] . Conversion of formyltetrahydrofolate into NS,N"'-methylenetetrahydrofolate could then occur by the combined actions of NS,NIo-methenyltetrahydrofolate cyclohydrolase and N5,N10-methylenetetrahydrofolate dehydrogenase. N',N'"-Methylenetetrahydrofolate could then condense with glycine to form serine (Figure 1 ). If such a pathway were to operate in uivo, this could reduce NH3 loss by up to SO%, although it would not change the rate of C 0 2 evolution. Further work on mutants with less than 66% GS or with decreased glycine decarboxylase activity must be carried out to ascertain whether the capacity of this pathway and the flux through it are increased compared with wildtype plants.
Metabolic feedback from photorespiration
Very little is known about the feedback mechanisms that might operate in photorespiration. 
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Although serine-glyoxylate aminotransferase is known to be inhibited by NH3 [17] , it is not clear how, for example, glycine oxidation might feed back on the metabolism of glycolate or glyoxylate. Serine-glyoxylate aminotransferase and glutamate-glyoxylate aminotransferases, which generate glycine, catalyse reactions that are physiologically irreversible, probably because of an exceedingly low affinity of these enzymes for glycine [18] . Thus it would seem likely that glycine must regulate the activities of these enzymes by means other than mass action.
Two metabolites may be involved in feedback from photorespiration on photosynthesis. Schimkat et al. [19] have shown that glycerate inhibits both the stromal fructose-l,6-bisphosphatase and sedoheptulose-1,7-bisphosphatase. However, the physiological significance of this is difficult to assess, as the concentration of glycerate required to inhibit C 0 2 fixation in isolated chloroplasts was about 10-fold higher than that required to inhibit the isolated enzymes. Glyoxylate may also feed back on the Calvin cycle. Work on photorespiratory mutants of Arabidopsis has shown that photorespiration induces a decrease in the activation state of Rubisco [20] . An analysis of mutants with lesions in glycine decarboxylase or mutations further along the photorespiratory pathway showed deactivation of Rubisco under photorespiratory conditions. Deactivation also occurred in leaves with diminished GS activity. It was shown that glyoxylate accumulated in the GS mutants in which Rubisco deactivation occurred [ 3 ] . The mechanism by which glyoxylate might regulate the activation state of Rubisco is unclear, but it seems likely that inhibition occurs through some effect on the Rubisco activase system [Zl] . Decreasing the activity of Rubisco by decreasing its activation state could decrease photosynthesis and photorespiration, thus decreasing the flux through the photorespiratory pathway.
Hausler et al.
[ 3 ] have shown that, in photorespiratory mutants with reduced activities of GS, there was little effect of decreasing GS on the activation state of Rubisco in air, but that at lower concentrations of C 0 2 the activation state of Rubisco rose as GS was decreased to 66% of the wild-type activity and fell again as GS activity was lowered to 47% of the wild-type activity (reflecting changes in NH3). The activation state of Rubisco was strongly inversely correlated with the leaf content of glyoxylate. This indicates that, besides the effects of pH, C02, Mg2+ and Rubisco activase [22] , glyoxylate should also be considered as an effective mechanism for the modulation of the Rubisco activation state, especially under conditions of enhanced photorespiratory flux. Since glyoxylate is one of the metabolites considered to be channelled within the peroxisomal matrix [23] , this raises the question of whether Rubisco in the chloroplast ever encounters sufficient concentrations of glyoxylate in vivo to bring about inhibition. If all the glyoxylate in a leaf were contained within the cytosol, its concentration would be between 1 and 5 mM [Z] . It would, of course, be considerably less concentrated in the cytosol if largely confined to the peroxisomes. However, the concentrations of glyoxylate needed to inhibit Rubisco activation are much less ( < 10 pM) [7] .
The research on photorespiratory mutants was supported by the AFRC/SERC initiative on the Biochemistry of Metabolic Regulation in Plants (PG 50/555). 
Introduction
Isolated intact spinach chloroplasts exhibit oxaloacetate (OM)-dependent O2 evolution in the light [l] . This observation implies that OAA must be taken up by these organelles. Evidence for a high-affinity O M carrier (K," z 9 pM) in spinach has been reported [2] .
OAA imported into the chloroplast stroma reacts with photosynthetically generated reductant to form malate. This reaction is catalysed by the light-activated NADP+-dependent malate dehydrogenase (NADP-MDH) [3] . A high NADPH/NADP+ ratio in the chloroplast results in a high activation state of the NADP-MDH [4] favouring the production of malate under these conditions. Based on these findings, a shuttle mechanism importing OAA and exporting malate has been suggested which, linked to cytosolic NAD-MDH, would function in transferring reducing equivalents from the stroma to the cytosol [l-41. The physiological role of the chloroplastic O m m a l a t e shuttle has been described as a 'malate valve' which serves to balance the stromal ATP/NADPH ratio [5] . Export of the malate produced and its possible oxidation to O M by a cytosolic NAD-MDH will Abbreviations used: O M , oxaloacetate; NADP-MDH, NADP+-dependent malate dehydrogenase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GOT, glutamate-OM transaminase; 2-OG, 2-oxoglutarate; PGA, phosphoglyceric acid. *To whom correspondence should be addressed.
provide substrates for mitochondria1 respiratory activity in the light.
Here, we wanted to characterize the metabolism of OAA in isolated spinach chloroplasts. We have identified products of the conversion of OAA in the chloroplasts and determined flow rates and enzyme activities involved in OAA metabolism. Moreover, we have quantified to what extent products from O M metabolism are exported and thus are made available for other reactions outside the chloroplasts.
